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INTRODUCTION

The discovery of nuclear fission and development of
nuclear reactors have resulted in many problems.

Since 1944

the United States Atomic Energy Commission has produced huge
quantities of fission products, which are byproducts of
nuclear reactors or "atomic piles".

Millions of gallons

of this material have been stored in underground vats and
continuous expansion of the atomic energy program has con
stantly increased the expensive waste disposal program.
Fission products are mixtures of the byproduct elements
produced by the fission or the so-called splitting of ura
nium and plutonium atoms.

It was suggested by many scien

tists and engineers, familiar with the uses of radioactive
elements, that these fission products possessed potential
usefulness to industry as a unique source of large quantities
of low cost radiation.

Fission products are isotopes of

some common elements such as iodine, molybdenum, cadmium,
cesium, strontium and also includes some rare earth elements.
Before processing, irradiated elements are stored from
90 to 120 days to allow the radioactivity of the short halflife elements to decay.

After 100 days of cooling down

period, the uranium and plutonium are separated from the
fission products and inert components of the reactor fuel
elements by solvent extraction.

This leaves a "soup"

which includes fission products, water, salts and other
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contaminants.

The "soup" is concentrated by evaporation

and further refined to remove some of the nonradioactive
contaminants leaving the fission products in solution.
The recent development of the applications of fission
products in industry, space programs and the medical field
has created an interest in separating different isotopes
from fission products so that these isotopes can be used
for peaceful purposes and for a solution to the difficult
problem of radioactive waste disposal.
The large scale application of reclaimed radioactive
isotopes from fission products for use in the space program
appears promising since fission products will always be
available in larger quantities than presently utilized
breeder produced transuranium alpha emitters. Their use
for space missions has been stymied because of the shield
ing problems.

The Atomic Energy Commission is developing

a suitable ground handling technique for these isotopes.
Previous work(3 ) in this laboratory resulted in the
separation of mixed fission products into three different
fractions by the use of electrodialysis techniques.

The

three fractions were (a) anodic, (b) cathodic, and (c) radiocolloidal.

The anodic fraction contained radiozir

conium in the anode compartment of the dialiyser.

Stron

tium and cesium were transferred to the cathode compartment.
The third fraction contained rare earths along with yttri
um in the form of a radiocolloidal solution.
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The purpose of this study was to investigate the
migration of strontium-90, cesium-137, cerium-144, promethium-147 and lanthanum from nitrate solutions into the
organic solvents under investigation.

After studying the

migration behavior of individual elements, a study of the
separation of strontium-90 from the cesium-137 and frac
tionation of cerium-144, promethium-147 and other rare
earths was planned.
was desired.

Maximum separation with high purity
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II.

LITERATURE REVIEW

The literature review is divided into five parts:
(1) the occurrence and uses of the elements strontium-90,
cesium-137, promethium-147, and cerium-144: (2) chemistry
of strontium-90, cesium-137, cerium-144, and promethium-147;
(3) chemistry of di-2ethyl hexyl phosphoric acid and tri-n
butyl phosphate: (4) chemistry of ethylene dinitrilo tetraacetic acid: and (5) the use of liquid-liquid extraction as
a means of separation.
Occurrence and Uses of Strontium-90, Cesium-137, Promethium-147,
and Cerium-144
Strontium-90: Strontium-90 occurs in nature. Kuroda
(21 )
and Edwards
reported the presence of strontium-90 in
pitchblende ore and in natural uranium salts.

They have

indicated that the ratio of strontium-90 to one gram of
uranium is 1.3 - 0.1 x 10 -14 . The percentage of strontium-90
in Belgium Congo pitchblende is about 35 per cent of the
total radionuclides present.

Their explanation for the

occurrence of strontium-90 in nature was that the uranium-238
undergoes a spontaneous fission process in nature and hence
produces strontium-90 as a fission product.

Abundance of

strontium-90 in the earth's crust is not necessarily small
as compared with the quantities of this nuclide produced
artificially.
Libby(23) estimated that the quantities of the arti-
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ficially produced strontium-90 in the stratosphere in 1956
was approximately ten millicuries per square mile of the
earth's surface.

Libby also estimated the amount of

strontium-90 in the earth's crust from the average abundance
of uranium in the igneous rocks and the equilibrium ratio
of strontium-90 to uranium-238 in uranium bearing materials.
The total quantity of strontium-90 in the earth's ten mile
crust was approximately five millicuries per square mile of the earth's surface.
(18)' to the total
The contribution of strontium-90'
activity of fission products is approximately 19.1 per cent
following 100 days of irradiation of a fuel element, and
100 days of cooling.

Approximately 3.8 per cent by weight

of the fission products is strontium-90.

This shows a

relatively good yield of strontium-90 in the fission products.
The use of strontium-90 in the silica photo cell can
solve the problem of the operation of an "atomic current"
source with double energy conversion.

Strontium-90 can

also be used in gamma-radiography, level control, thickness
gaging, impurity checks, production rate control, wear de
termination, hydrology, ionization and voltage limiters.
Once the shielding and safeguard obstacles'(7) to the use of
fission products have been overcome, strontium-90 of the
fission products under consideration would be the most
advantageous choice as a space—power fuel.

The long half-

life of the material and fairly high power density could
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easily meet mission life times up to ten years without
power flattening.

Terrestrial power units that use

strontium-90 have already been developed for applications
such as remote weather stations, navigation lights and
ocean-bottom sonar signals.

In space, strontium-90 is

being considered for the military communication satellite
system.

An antarctic weather station now in operation has

strontium-90 fuel operated generators.

These generators

provide five watts of electricity continuously for at
least two years.
Cesium-137:

Cesium-137 has not been found in nature (14)

Fission products contain about 6.2 per cent by weight of
cesium-137.

Cesium-137 contributes about 21.0 per cent to

the total fission product activity of the fission products
Cesium-137'( 7 )' emits both gamma and beta radiation
in the energy range of 0.5 - 1.0 Mev since it is in equi
librium with its daughter barium—137.

The shielding re

quired to absorb gamma radiation of this energy places
cesium-137 at a disadvantage as a fuel for space power
systems.

Cesium-137 has varied and important uses other

than as a fuel for space power(10).

Cesium-137 is a very

suitable gamma radiographic source.

Radiographic char

acteristics of cesium-137 were compared with those of
(8)

cobalt-60 by Dulti and Taylor'
be very promising.

, and they found it to

It is expected that cesium—137 will
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replace cobalt-60 in many applications requiring gamma
radiation since barium-137, the daughter product of
cesium-137, is a strong gamma emitter.

Cesium-137 was

used by Phillips Petroleum Company( 2 ) for the detection
of pipeline interfaces.
use of cesium-137.

Some cancers can be cured by the
Gauwerky'(16) describes the preparation

and uses of cesium-137 applicators for the treatment of
cancers by local application.
Cerium-144:

Cerium-144 does not occur in nature'(15)

The activity contributed by cerium-144 is approximately 13
per cent of the total activity of the fission products after
100 days of cooling'(18) . Cerium-144 occurs only in fission
products of uranium(15).

Its abundance in fission products

is 5.3 per cent by weight, after 100 days of cooling period
following burn-up time of fuel in a reactor.
has the highest power density'

Cerium-144

' and total power output of

the fission products under consideration.

Its disadvantages

are short-half-life and gamma decay radiation, the radiation
being difficult to shield in space applications.

However

prototype generators have been developed that use cerium—144,
and this isotope is being considered as a power source for
the Midas, Nimbus and OGO satellites.

Cerium-144 also can

be used in the cells of thermoelectric generators to produce
125 watts of electricity for one year in space.
Promethium—147:

Promethium-147 occurs only as a
fission product of uranium'(37) . Its yield by weight in
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(
18).

fission products is 2.6 per cent
Due to the scarcity of promethium-147, wide applications
have not been found.

Promethium-147 is a soft beta emitter
with no associated gamma activity (7) . The beta activity
makes possible the use of promethium-147 for the use in
thickness gages and for radio luminescence uses.

Promethium-147

may become useful as a heat source to provide auxiliary power
to space probes and satellites.

General Electric Company

expects it to be competitive with plutonium-238 for such
applications.

Power density of promethium-147 oxide is

twice that of strontium-90 titanate, which is now in use
in a series of terrestrial energy convertors for arctic and
antarctic weather stations.
Chemistry of Cerium. Promethium, Strontium and Cesium
Cerium:

Cerium is the only rare earth element which

has a useful and fairly stable +4 oxidation state in aqueous
solutions besides its normal +3 state.

The cerium(III) -

cerium(iv) couple has a potential of -1.61 volts in acid
( 22)
solutions'
, and cerium(IIl) is easily oxidized by strong
= Co +3 , or by BrO^
- in strong
oxidizing agents such as S2Og,
acid.

r 3)
Brezhneva and coworkers' 7 used ozone as an oxidant

for cerium(III) in nitric acid solution.
acid dependent.

The oxidation was

Butler and Ketchen^^ used potassium per

manganate in one normal nitric acid solution to oxidize
cerium(HI) to cerium(IV).
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(9 )

Evans and Uri' ' studied the photo-oxidation of water
by cerium(IV).

From their data, they reported that cerium(IV)

was reduced by water to cerium(IIl) and the reduction was
photosensitive.

They have proposed a mechanism which ex

plains the reduction of cerium(IV) to cerium(III) by water.
They have also recommended that reasonable precautions be
taken if cerium(IV) solutions are to be kept for any rea
sonable length of time.
Cerium forms fairly soluble sulfates, chlorides and
nitrates.

The hydroxides, oxalates and fluorides of cerium
C 33)

are not very soluble in water'

.

(25)

Noyes and Garner'

reported from their study of the oxidation potential of
cerium(III) - cerium(lV) salts that in nitric acid solutions
of Ce(NC>3)4, an excess of NO^ ions exists, forming the complex ion

Ce(N03)g

2_

.

The existence of the latter was

demonstrated by the fact that, during electrolysis of a
solution of cerium(IV) in six normal nitric acid, cerium
appeared in the anode region. Miss L.O.Tuazon (33) has
shown that even in relatively dilute nitrate solutions,
cerium +4 formed a Ce(N03 )(0H)

+2

complex and to a lesser

extent Ce(N0 3 )2 ^.
Promethium*

The chemistry of promethium has not

been extensively investigated due to its scarcity.

Most

investigations have dealt strictly with its separation as
a fission product.

Promethium is separated from other
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rare earth elements by ion exchange techniques.

The latest

process at Hanford Laboratories operated by General Electric
Companyuses

a sulphonic acid cation exchange technique.

Promethium along with other rare earth fission products is
sorbed in the column and eluted with the solvent and complexing agent, ethylenedinitrilotetraacetic acid.
Cesium;

Finston and K i n s l e y h a v e

reported one of

the most extensive studies of cesium in which they gave a
review of the features of cesium chemistry which are of
interest to radiochemists.
It behaves like the other alkali metals.

Most of the

work done on cesium is in connection with its separation
as a fission product.

All the salts of cesium are stable

and appreciably soluble in water but insoluble in most of
the organic liquids.
Strontium;
in water.

Most strontium salts are fairly soluble

Most of the work done on radioactive strontium

is in connection with its separation as a fission product.
Natural strontium is a common element.
Chemistry of Dl-2 Ethyl Hexyl Phosphoric Acid and Tri-n Butyl
Phosphate
Di-2 ethyl hexyl phosphoric acid (D2EHPA);

Di-2 ethyl

hexyl phosphoric acid exists as a dimer in non polar solvents.
( 27 )
Peppard and coworkers' ' studied the hydrogen bonding in
organophosphorous acids.

They have reported the physical
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properties of D2EHPA as listed in Table I.

From cryoscopic

studies they reported that D2EHPA was dimeric in benzene
and napthalene and proposed the structure of a dimer as
follows s

where eight member rings were formed as a result of hydrogen
bonding.

G represents a -2 ethyl hexyl group.

The mono

basic phosphoric acid D2EHPA, in analogy to the phosphinic
acids, contains a POOH grouping and through the formation
of intermolecular bonds forms dimers.

The state of aggre

gation was the same in benzene and napthalene, indicating
that these polymers were very strongly hydrogen bonded even
at high temperatures.

Molecular weights of D2EHPA increased

as the concentration of D2EHPA was increased.

This type of

behavior was expected in the polymers of molecular weights
below 1000.

They also studied the effect of acetic acid

on D2EHPA and found that D2EHPA gave a monomeric molecular
weight in acetic acid.

They explained this fact as being

due to the solute-solvent interaction.

New hydrogen bonds

were formed with the acetic acid thus causing depolymer
ization.

They observed a similar behavior with a number
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TABLE I

Physical Properties of Di-2 Ethyl Hexyl
Phosphoric Acid

Equivalent Weight

322

Density @ 20°C

0.975

Index of Refraction
@ 25°C

1.4469

Viscosity (poises)
@ 20°C

0.422

Water Content { %)

0.12

Dimeric Mol. Weight

645

13

of organic acids which showed monomeric molecular weights
in hydrogen bonding solvents.

Peppard and coworkers re

vealed from their distribution studies on D2EPHA using
benzene and ethylene glycol phases that D2EHPA was
probably dimerized in benzene and monomerized in ethyl
ene glycol phase.

This showed that ethylene glycol

broke up the dimer since the glycol can form new hydrogen
bonds with the D2EHPA.

They also made infra red studies

on D2EHPA and reported that D2EHPA failed to show the
formation of 'OH' groups like carboxylic acids under the
conditions they studied.

From these studies it was con

cluded that D2EHPA was more strongly hydrogen bonded than
the carboxylic acids.
Extraction of metallic ions by D2EHPA was studied by
Peppard and coworkers'f28 )
'. From their studies they re
ported that D2EHPA was ionized in organic phase and was
in equilibrium with unionized D2EHPA as follows*
(HDGP)2

~ =±T H+

+

H(DGP)2

where HDGP was D2EHPA and was taken as a dimeric species.
Thus when D2EHPA was ionized it liberated a hydrogen ion
and a resulting singly charged anion, capable of chelation
with a positively charged metallic ion, with the assumption
that the remaining hydrogen bond was not broken.

They

have also proposed a structure for the complex formed
when a metallic ion was attached to the D2EHPA dimer giving
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off a hydrogen ion.

The structure is as follows:

where 'M 1 stands for the metallic ion and 'B' represents
the valency of the metallic ion.
Butler and Ketchen' ' have studied the effect of
radiation on D2EHPA diluted with Amsco diluent.

They

mixed equal amounts of one molar D2EHPA and one normal ni
tric acid solutions and exposed the resultant mixture for
different lengths of time in a Cobalt-60 gamma radiation
field.

After irradiation periods the organic phase was

used to study the distribution of cerium +3 within one
normal aitric acid and the organic phase.

Their results

indicated that gamma radiation up to 85 watt-hour per
liter had little effect on the distribution of cerium +3
into the organic phase from the aqueous phase.
analyzed

They

the D2EHPA after irradiation and detected the

presence of mono -2 ethyl hexyl phosphoric acid, a dibasic
acid.
Tri-n Butyl phosphate:

The chemistry of Tri-n Butyl
(5)
phosphate (TBP) was studied by Burger'
. He reported
the physical properties of TBP as given in Table II.
Tri-n Butyl phosphate is a very stable compound and
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TABLE II

Physical Properties of Tri-n
Butyl Phosphate

Boiling Point - °C

289

Density © 25°C

0.9727

Dielectric Constant
© 25°C

8.05 -

Solubility in Water
gms/1 f^O

0.4

Surface Tension - dyne/cm
© 20°C

27.29

Viscosity (millipoises)
© 25°C

33.2

.05
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offers resistance to hydrolysis.

The most important re

actions are hydrolytic, cleaving the butyl or butoxy group
of tri-n butyl phosphate and normally producing butyl
alcohol together with dibutyl and monobutyl phosphates
(DBP and MBP), and eventually phosphoric acid.

Hydrolysis

of TBP can occur either in the organic or the aqueous
phase and is first order with respect to the ester for
mation.

Acid hydrolysis of TBP is dependent on the nature

of the acid and the concentration of the acid.

Hydrolysis

of TBP is catalyzed by the presence of acids or bases.
The hydrolysis rate increases greatly as the temperature
is raised and an activation energy of the order of 20 Kcal
is often found.

The rates observed in the presence of

five molar nitric acid may be high enough to cause some
concern in solvent extraction technology, since the product,
dibutyl phosphate, has undesirable properties.

Impurities

produced during the manufacture of TBP or by its thermal
degradation during purification, such as the pyrophosphates,
would yield the same objectionable products as TBP hydroly
sis but at a faster rate.

TBP does react with nitrates

occasionally with an explosive violence.
Chemistry of Ethylene Dinitrllo Tetraacetic Acid
A supplementary "masking" chelating agent is often
introduced^11^ to improve the separation factor for metal
pairs that are difficult to separate.

The masking agent
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forms water soluble complexes with the metals in competi
tion with the extracting agent.
Ethylene dinitrilo tetraacetic acid forms exceptionally
stable complexes with the rare earths (33) . The capacity of
rare earth elements for complex formation, as a rule, in
creases with the decrease of their ionic radii.

The

structure of EDTA may be represented as follows:
-COOH

H 00C— CH

2\
/N

(CH^-

1-100C-- CH-

N

\

CH2---COOH

EDTA forms fairly stable complexes at room temperature
with rare earth elements in solutions above a pH of 4.5.
( 19}
Hershey'
' calculated the stabilities of EDTA-rare earth
complexes at various values of pH.
Liquid-Liquid Extraction
Peppard and coworkers^®^ investigated the extractibility of strontium into D2EHPA diluted by toluene.

They

reported that the distribution ratio dependencies were
approximately inverse second-power and direct second-power
with respect to aqueous acid concentrations and D2EHPA
concentrations in the organic phase respectively.

They

assumed that a complex was formed between the strontium
ion and the anion of D2EHPA.

Dimer D2EHPA in the organic

phase was ionized into a complex forming anion and a hydro—
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gen ion.

They have suggested the use of D2EHPA for separat

ing strontium from other contaminants.
Separation of strontium-90 from calcium was investigated by McHenry and Posey'f24) . From their work they
concluded that at low concentrations D2EHPA reacted with
metal ions as follows:
Maq.

+

2 <hr>2 org.

M(HR2>2 org.

+

2H+

where 'M' is the metal ion extracted and the subscripts
refer to the organic and aqueous phases.

They also support

the statement that the distribution ratio of strontium ions
varied inversely with the square of the hydrogen ion concen
tration in the aqueous phase and directly with the square of
unreacted D2EHPA concentration in the organic phase.

They

emphasized the point that with the use of D2EHPA in the
organic phase as a solvent, an appropriate hydrogen ion
buffer must be found which will control the pH of the
aqueous phase so that the distribution ratio will be a
maximum.
t

Schulz and coworkers'

32)

have developed a solvent

extraction process for the recovery of strontium-90 from
the rare earths and other contaminants such as iron, zir
conium, niobium, and calcium.

In their process, they used

ethylene dinitrilo tetraacetic acid to suppress the ex
traction of iron and some of the rare earths.

Strontium

and calcium were extracted into the organic phase in the
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first column and in the second column, strontium was re
moved from the organic extractant with a citric acid strip
solution.
Black, Baes, and Brown^^ studied the chemistry of
uranium ion extraction using D2EHPA as an extractant.
D2EHPA extracted uranium ions primarily by cation exchange
between the extracted uranium ion and the acidic hydrogen
ion of the D2EHPA.

At low concentrations, divalent ura

nium metal ion was extracted into D2EHPA as follows*
++
U'aq.

UX 4 2 org.

2 (HX) 2 org.

+

2Haq.

where 'HX2 ’ is D2EHPA in the dimeric form in the organic
diluent and 1UX4 H 2 ' is the complex formed by uranium ions
with D2EHPA.

The complex formed contained the unreplaced

acidic hydrogen.

They also reported that at higher ura

nium concentrations, increasingly long chain polymers of
the composition (U2 >n X 2n+2 H 2 were formed.

Thus although

the extraction was by cation exchange, the organic com
plexes were different depending upon the charge and co
ordination number of the cation.

Effect of the organic

diluent on the extractability of D2EHPA was also studied
by Black, Baes and Brown.

From their data, they reported

that the organic diluent was an important extraction
variable.

Extraction coefficients generally decreased

for the D2EHPA extractant as the dielectric constant of
the D2EHPA diluent increased.
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Solvent extraction separation of cerium and yttrium
from other rare earth fission products have been studied
by Butler and Ketchen'(6 ). They separated cerium from
other rare earths by first oxidizing cerium +3 to cerium
+4 with potassium permangate and then preferentially ex
tracted cerium +4 into the D2EHPA phase.

When cerium +3

was oxidixed in a potassium permangate-nitric acid medium,
Mn0 2 (manganese dioxide) was formed which had two adverse
effects on the extraction.

MnC>2 Prevented sharp separation

of the organic and the aqueous phases and the Mn0 2 formed
tended to sorb the trivalent rare earths, which could cause
reduction of cerium +4 to cerium +3.
to dissolve the Mn02 formed.

They used citric acid

They also studied the effect

of contact time on the extraction.

As the contact time

was increased the extraction coefficient decreased.

Effect

of radiation on the aqueous nitrate phase was also studied.
Radiation had no appreciable effect on the nitrate aqueous
phase.
Carrier free lanthanum-140 and cerium-144 were ex
tracted by D2EHPA^30^.

The extraction coefficient was

dependent on the concentration of the nitric acid in the
aqueous phase and on the concentration of D2EHPA in the
organic phase.

The dependency was of third order with

respect to the D2EHPA concentration in the organic phase
and of inverse third order with respect to the nitric
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acid concentration in the aqueous phase.

The ratio of

the distribution coefficient of cerium +4 to cerium +3
was of the order of 10 .
(31)

Sargill and coworkers'

used tri-n butyl phosphate

as an extracting solvent for the separation of yttrium and
lower lanthanide nitrates.

They reported that the effect

of concentration of tri-n butyl phosphate and nitric acid
in organic phase and in aqueous phase was remarkable. Dis
tribution coefficients of a given lanthanide were increased
by higher concentration of tri-n butyl phosphate and were
lowered by increasing concentrations of nitric acid in
their respective phases.

According to the investigators,

the extracting species formed trisolvates with tri-n butyl
phosphate such as Y(N03 )*3TBP and Ce(N03 )3 TBP, where 1Y'
is yttrium and where 'TBP' is tri-n butyl phosphate.

In

their fractionation study of lanthanides, the maximum
value of separation factors, which were defined as the
ratio of the distribution coefficient of one element to
the distribution coefficient of the next element in the
lanthanide series, was approximately of the order of 2.0
when using an organic phase containing 100 per cent TBP
and 15.6 M nitric acid in the aqueous phase.
( 27)

Peppard and coworkers'

reported that Di-2 ethyl

hexyl phosphoric acid was a better extractant than tri-n
butiyl phosphate on the basis of greater resistance to
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hydrolysis and lower aqueous solubility.

Purification of

tri-n butyl phosphate was necessary before extractions,
especially when tetravalent species in trace concentrations
were extracted.

They also studied the extractability of

the anion species of the aqueous phase by D2EHPA.

They

indicated the fact that D2EHPA did not extract anion
species from the aqueous phase.

Extraction of a given

lanthanide was independent of the nature of the mineral
acid used in the aqueous phase.

In the fractionation

study of lanthanides, the separation factor was of the
order of 2.5 as compared to the separation factor of 1.9
obtained by the use of tri-n butyl phosphate extractant.
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III.

EXPERIMENTAL

Purpose of Investigation
The purpose of this investigation was:

(1) to

separate strontium-90 from cesium-137, with a high
separation factor and purity,

(2) to separate cerium-144

from promethium-147 and lanthanum, and (3) to study the
effect of ethylene dinitrilo tetraacetic acid (EDTA) on
the extraction of strontium-90, cesium-137 and rare earth
elements at different pH values of aqueous feed solutions.
Plan of Experimentation
A study of the extractability of the individual ele
ments strontium-90, cesium-137, cerium-144, and promethium-147 was planned.

Di-2 ethyl hexyl phosphoric acid

was to be used as an extractant for all the elements.
After studying the extractability of individual ele
ments, a study of the separation of strontium-90 from
cesium-137 was planned.

The use of the natural-strontium,

natural-cesium and natural-cerium was planned when the
separation of elements was to be studied.
The investigation consisted also of a study of the
effect of ethylene dinitrilo tetraacetic acid on the ex
tractability of strontium-90, cesium-137, cerium-144, and
promethium-147.
The use of kerosene with a dielectric constant of 2.0
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and xylene with a dielectric constant of 2.3 as a diluent
for the organic phase was planned.
Materials
The materials used in this investigation, the manu
facturer or the supplier, their specifications, and their
uses are listed.
Acetic Acid;

Acetic acid, glacial 99.7 per cent

pure, meets ACS specifications.

Lot number DP04271.

Manufactured by General Chemical, Division of Allied
Chemical and Dye Corporation, New York, N.Y. used to
buffer the aqueous feed solutions at desired pH values.
Ammonium Nitrate:

Reagent, meets ACS specifications.

Manufactured by Mallinckrodt Chemical Company, St. Louis,
Missouri.

Used for the study of extractability of tri-

valent cerium in the presence of nitrate ions.
Ammonium Persulphate:
cations.

Reagent, meets ACS specifi

Manufactured by J. T. Baker Chemical Company,

Phillipsburg, New Jersey.

Used for the oxidation of tri-

valent cerium to tetravalent cerium.
Cerium Nitrate»

Trivalent cerium nitrate, code 277.

Manufactured by Lindsay Chemical, Division of American
Potash and Chemical Corporation, West Chicago, Illinois.
Used as a cerium carrier in the study of the separation
of cerium from promethium.
Cesium Nitrate»

Purified quality.

Purchased from
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Fisher Scientific Company, New York, N. Y.

Used as a

carrier in the study of the separation of strontium-90
from cesium-137.
Di-2 Ethyl Hexyl Phosphoric Acid:

Lot number 5-519164.

Contained 91.5 per cent of D2EHPA, 0.6 per cent of mono-2
ethyl hexyl phosphoric acid (M2EHPA) and very small quan
tities of the pyroesters.

Manufactured by the Union Carbide

Chemical Company, Division of Union Carbide Corporation,
New York, N. Y.

Used as an extractant in the organic phase.

Ethylene Dinitrilo Tetraacetic Acid Disodium Salt:
agent grade.

Re

Manufactured by the Distillation Products

Industries, Division of Eastman Chemical Company, Rochester,
New York.

Used as a chelating agent in the extraction

experiments.
Isotope (Cerium-Praseodymium-144):

Carrier free as

the chloride CeCl^ in 8.5 normal hydrochloric acid.
chemical purity of greater than 99 per cent.

Radio

Concentration*

40.21 me per ml - ten per cent, obtained from the Oak Ridge
National Laboratory, Oak Ridge, Tennessee.

Used to prepare

radiochemical tracer solutions.
Isotope (Cesium-Barium—137)*

Isotope was obtained as

Cesium chloride in 0.965 normal hydrochloric acid and was
carrier free.

Concentration:

6.94 me per ml - ten per cent,

radiochemical purity greater than 99 per cent, obtained on
February 6 , 1958 from the Oak Ridge National Laboratory,
Oak Ridge, Tennessee.

Used to prepare solutions of the
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radionuclides.
Isotope (Promethium-147):

Carrier free as the chloride

in 0.42 normal hydrochloric acid.
per ml - ten per cent.

Concentrations

1183.0 me

Obtained from Oak Ridge National

Laboratory, Oak Ridge, Tennessee.

Used to prepare solutions

of the radionuclides.
Isotope (Strontium-Yttrium-90)s

Carrier free as the

chloride SrCl2 in 1.14 normal hydrochloric acid.
number 280X, Concentrations
cent.

Batch

10.84 me per ml - ten per

Obtained from Oak Ridge National Laboratory, Oak

Ridge, Tennessee.

Used to prepare solutions of radio

active tracers.
Nitric Acids
fications.

70-71.0 per cent pure, meets ACS speci

Specific gravity 1.42.

Manufactured by General

Chemical Division of Allied Chemical, New York, N. Y.

Used

as a salting-out agent in the extraction studies of stron
tium-90, cesium-137, cerium-144, and promethium-147.
Potassium Bromates

Reagent grade, meets ACS speci

fications, lot number 1.1639.

Manufactured by the J. T.

Baker Chemical Company, Phillipsburg, New Jersey.

Used as

an oxidizing agent to oxidize trivalent cerium to tetravalent cerium.
Sodium Hydroxides

Reagent grade, meets ACS speci

fications, mitoimum assay 97.0 per cent sodium hydroxide.
Manufactured by General Chemical Division, Allied Chemical
and Dye Corporation, New York, N. Y.

Used to adjust the
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pH of the feed solutions.
Strontium Nitrate:

Lot number 4331, manufactured by

J. T. Baker Chemical Company, Phillipsburg, New Jersey.
Used as a strontium carrier in the study of the separation
of strontium from cesium.
Theonyl Trifluracetone:

Purified, purchased from

Eastman Organic Chemicals, Distillation Products Industries,
Rochester, New York.

Used to extract trivalent cerium.

Tri-n Butyl Phosphate:

Purified, lot number 712239.

Purchased from Fisher Scientific Company, Fair Lawn, New
Jersey.

Used as an extractant.

Xylene:

Reagent grade, meets ACS specification.

Boiling range 137-140°C.

Manufactured by Mallinckrodt

Chemical Works, St. Louis, Missouri.

Used as a diluent

for tri-n butyl phosphate and di-2 ethyl hexyl phosphoric
acid.
Apparatus
The apparatus used in this investigation, the speci
fications for use, the manufacturer or supplier, and the
use of the apparatus are given.
Centrifuge:

Microcentrifuge, number 55954H, 110 volts

A.C., manufactured by International Equipment Company,
Boston, Massachusetts.

Used to centrifuge aqueous phases

after extraction.
Counter:

Geiger-Muller tube, model 10105, number 1493,

28

3.3 milligrams per square centimeter mica end window.

Manu

factured by Radiation Counter Laboratories, Inc., Skokie,
Illinois.

Used to measure activity of the radioisotopes.

Counting Dishes:
5/8 inch deep.

Stainless steel, one inch diameter,

Manufactured by Radiation Counter Labora

tories, Inc., Skokie, Illinois.

Used to count 0.1 ml of

radioactive samples.
Dosimeter;

Type 541/A, direct reading, number 07646,

scale 0-200 milliroentgens.

Manufactured by Victoreen

Instrument Company, Cleveland, Ohio.

Used to measure

radiation dosage received by investigator.
Glassware;

An assortment of standard glassware was

used, including beakers, flasks, separatory funnels, test
tubes, burettes, pipettes, etc. obtained from the stockroom, Chemical Engineering Department, Missouri School of
Mines and Metallurgy, Rolla, Missouri.
Heat Lamp;

Type 7A-N, 110 volts A.C.-D.C., 2 amp.

with a 200 watt electric light bulb as a heating lamp.
Used to dry radioactive samples for counting.
Magnetic Mixer;

Mag-mix, number 65904, 115 volts,

purchased from Precision Scientific Company, Chicago,
Illinois.

Used to stir the feed solution slowly while

adjusting the pH.
Oven;

'Thelco', model 15, serial number N-l, tem

perature range to 150°C., 115 volts, 750 watts.

Purchased
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from Precision Scientific Company, Chicago, Illinois.

Used

to dry radioactive samples and glassware.
pH Meter:

Leeds, Shore and Northup Company, model

number 7664-A1, 120 volts, 50-60 cycles.

pH range 0-14

using L and N electrodes, voltage ranges 0 to 1400 milli
volts.

Manufactured by Leeds and Northup Company, Phila

delphia 44, Pennsylvania.

Used to adjust the pH of the

feed solutions at desired values.
pH Meter:
0-13.

Beckman pH meter, model GS, pH range

Manufactured by Scientific Instrument Division of

Beckman Instruments, Inc., Fullerton, California.

Used

to measure the pH of the aqueous phase after extraction.
Scaler*

Automatic counting scaler, Model B-1601,

MSM property No. 21641, 105-135 volts, 50-60 cycles, 100
watts.

Maximum counting rates, 100,000 counts per minute.

Manufactured by NRD Instrument Company, St. Louis, Missouri.
Used to record activity of samples.
Shakeri

Burrell wrist action shaker with timer and

controllable shaking action.

Manufactured by Burrell

Corporation, Pittsburgh, Pennsylvania.

Used to shake the

mixture of organic and feed solution for studying the ex
traction.
Shield*

Lead Well "Pig", MSM property number 21644.

Manufactured by NRD Instrument Company, St. Louis, Missouri.
Used to shield counter from stray radiation.
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Method of Procedure
The method of procedure will be divided into two
partss

(1) Preparation of feed solutions and (2) Extraction.

Preparation of Strontium-90 Feed Solution*

Extraction

of strontium-90 by D2EHPA was studied by using trace amounts
of strontium-90 and a concentration of 3 mg per ml of natu
ral strontium in the feed solutions.

Feed solutions contain

ing trace amounts of strontium were prepared by adding
strontium-90 tracer solution to two ml of concentrated ni
tric acid to give the activity desired.

Five ml of 0.1 M

EDTA was added to the above solution in cases where the
extraction was studied in the presence of EDTA.

The pH

of above solutions was adjusted with sodium hydroxide to
the desired pH value.

The solutions were diluted to give

a final volume of 50 ml of feed solutions of desired pH
values.

The solutions containing EDTA were kept at least

six hours to attain equilibrium between strontium ions and
EDTA before mixing with solvent.

In cases where feed so

lutions were buffered, 8.2 ml of glacial acetic acid per
50 ml of feed solutions was added before adjusting the pH
of the solutions.

The pH was then adjusted as described.

Preparation of Cesium Feed Solution:

Trace amounts

of cesium-137 and a concentration of 3 mg per ml of natu
ral cesium in the feed solutions were used in the extraction
studies of cesium.

Feed solutions containing trace amounts

of cesium-137 were prepared by adding cesium-137 tracer

31

solution to two ml of nitric acid to give the desired
activity.

Five ml of 0.1 M EDTA was then added to the

above solutions, where the effect of EDTA on the extrac
tion of cesium was studied.

The pH of the feed solution

was adjusted with sodium hydroxide and the final volume
of feed solutions was 50 ml with desired pH values.

Feed

solutions, where EDTA was added, were kept for a minimum
of six hours in order to attain equilibrium between EDTA
and cesium ions.
Preparation of Feed Solutions Containing a Mixture of
Strontium and Cesium*

Four ml of 37.5 mg per ml of stron

tium solution was added to four ml of 37.5 mg per ml of
cesium solution.

A radioactive tracer solution of either

strontium-90 or cesium-137 was added to the feed so that
counting technique could be used to determine the concen
tration of the element in question.

Two ml of concentrated

nitric acid and ten ml of 0.1 M EDTA was added to the above
solution.

The pH of the solutions was then adjusted so

that final feed solutions were 50 ml by volume and of the
desired pH value.

The feed solutions were kept at least

six hours to attain equilibrium between metal ions and
EDTA before contacting with solvent.
Preparation of Cerlum(IV) Feed Solution i

Two ml of

cerium nitrate solution, 3.75 mg per ml, in one normal
nitric acid mixed with an amount of cerium-144 tracer
solution to give the desired activity, was added to two
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ml of concentrated nitric acid.

Two grams of potassium

bromate were added to the above solution and the resulting
mixture was then heated on the electric heater until all
the bromine was liberated.

A water condenser was used to

condense the nitric acid vapors.

Bromine was liberated

and given off at the top of the water condenser.
solution was cooled.

The

Wherever the effect of EDTA was

studied on the extraction of cerium(IV), 15 ml of 0.1 M
EDTA was added after oxidation of cerium(lll) to cerium(IV).

The pH of the feed solutions was adjusted with

sodium hydroxide.

The final feed solution was 40 ml in

volume and of desired pH value.

The feed solutions con

taining EDTA were retained for a minimum of six hours.
Preparation of Promethium Feed Solution*

Tracer

amounts of promethium solutions were prepared by adding
promethium-147 trace solution to one ml of concentrated
nitric acid.

Nine ml of 0.1 M EDTA solution was added to

the above solution, wherever the effect of EDTA on pro
methium extraction was studied.

In some cases solutions

were buffered with acetic acid-acetate system.

The de

sired amount of acetic acid was added to the solutions
and the pH of the feed solutions was adjusted with sodium
hydroxide.

The solutions were diluted to 50 ml.

Preparation of Solvent Solutionsi

Organic solvent

containing 40 per cent of D2EHPA was prepared by adding
40 ml of D2EHPA to 60 ml of xylene diluent.

A volume of
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32.8 ml of D2EHPA was added to 67.2 ml of xylene to give
one molar D2EHPA solution.
Extraction;

Twenty five ml of the strontium feed

solution was shaken with an equal volume of 40 per cent
D2EHPA organic solution for one hour with a mechanical
shaker.

The procedure was followed for the extraction of

cesium.
A radioactive tracer of either strontium or cesium
was added to the feed solution to determine the concen
tration of solute in question, where the separation of
strontium from cesium was studied.

Another run was then

made under identical condition with the other tracer to
determine the behavior of the other solute.

The same

procedure as used for the extraction study of strontium
alone was uSed.
Ten ml of cerium(IV) solution was shaken with thirty
ml of 1 M D2EHPA for different time periods to study the
time required to attain equilibrium.

Feed solutions con

taining EDTA were taken in quantities of 25 ml instead of
10 ml in case of feed solutions without EDTA.

The organic

and aqueous phases were contacted for one hour in the
latter case.
Thirty ml of promethium feed solutions was added to
an equal volume of 1 M D2EHPA in xylene and shaken for
one hour.
After mixing the organic and aqueous phases for the
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desired length of time, both phases were separated in a
separatory funnel.
The extraction was carried out at a temperature of
22—1°C.
Sampling:

One tenth ml samples of the organic phases

and aqueous phases from the extraction of the radioactive
solutions were pipetted into the stainless steel counting
dishes, dried under the heat lamp and counted.
Analysis:

The amount of radioactive element in the

samples was analyzed by a standard beta counting procedure.
The sample was placed under a shielded Geiger-Muller tube
and the activity of the sample was recorded.

At least

three samples from each solution were counted and the
mean activity was used as an actual activity of sample.
The voltage applied to the Geiger-Muller tube was
that determined from the voltage plateau of the tube. The
counting time used in all cases was of sufficient length
to insure a counting error of less than 1.3 per cent.
Calculations:

The per cent extraction of an element

in question and its distribution ratio were calculated as
follows:
Per Cent Extn.

Act. of Feed - Act. of Aq. Phase
Act. of Feed

Act. of Feed - Act. of Aq. Phase
Distribution Ratio = _______ ___________________ _____
Act. of Aq. Phase
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The activities of the feed solutions and aqueous phases
were corrected for background and Geiger-Muller tube effi
ciency.
Data and Results
The data and results obtained for this investigation
are presented in the form of tables and graphs.
Tables III, IV, V, and VI show the data and results
obtained for the extraction of strontium-90 in the presence
and absence of ethylene dinitrilo tetraacetic acid (EDTA).
Table VII shows the data and results obtained for the
extraction of eesium-137 in the presence and absence of
EDTA.
Table VIII represents the data and results obtained
for the extraction of strontium and cesium in the presence
of EDTA.
Tables IX through XII show the data and results ob
tained for the equilibration period required for the ex
traction of cerium(IV) by D2EHPA in the organic phase.
The tables also include the data and results obtained for
the extraction of cerium(IV) in the presence and absence
of EDTA in the feed solution.
Tables XIV through XVI show the data and results ob
tained for the extraction of promethium-147 in the presence
of EDTA and the absence of EDTA in feed solution.

The data

and results obtained for the extraction of promethium-147
in the presence of EDTA and buffer in the feed solution are

also shown
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TABLE III

Extraction of Strontium-90
from Nitrate Solutions

pH of
Feed Solution

Distribution
Ratio

Per Cent Extraction
into Organic Phase

1.0

0.43

30.2

2.0

0.51

34.0

3.0

0.69

41.0

4.0

0.84

45.6

5.0

1.05

51.1

6.0

1.06

51.5

8.0

0.74

42.5

(1) Activity of feed solution for each run was 80,000 cps.
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TABLE IV

Extraction of Strontium-90
in Buffered Solution^

pH Of
Feed Solution

Distribution
Ratio

Per Cent Extraction
into Organic Phase

3.0

3.82

79.5

3.5

15.85

94.1

4.0

44.70

97.9

4.5

72.40

98.6

5.0

68.20

98.5

(1) Activity of feed solution for each run was 330,000 cps.
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TABLE V

Extraction of Strontium-90
in the Presence of EDTA^^

Di st r ibut ion
Ratio

Per Cent Extraction
into Organic Phase

2.0

0.82

45.0

3.0

1.74

63.5

4.0

2.24

69.1

o•
ID

1.93

65.9

6.0

3.39

77.2

7.0

5.80

85.2

11.0

9.87

90.8

pH Of
Feed Solution

(1) Activity of feed solution for each run was 124,000 cps.

Per Cent Extracted

40

pH

Figure 1.

The Effect of pH and EDTA on

the Extraction of Strontium-90.
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TABLE VI

Extraction of Strontlum-90 in the
Presence of EDTA and Buffered Solution^^ ^

pH of
Feed Solution

Distribution
Ratio

Per Cent Extraction
into Organic Phase

3.0

7.16

87.9

3.5

20.40

95.5

4.0

19.85

95.2

4.5

15.05

93.2

5.0

3.92

79.2

6.0

1.71

63.1

(1) Activity of the feed solution for each run was 80,000 cps.
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figure 2.

The Effect of pH and EDTA on the

Extraction of Strontiun-90 from a
Buffered Solution
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TABLE VII

Extraction of Cesium-137
from Nitrate Solutions (1)

pH of
Feed Solution

Distribution
Ratio

Per Cent Extraction
into Organic Phase

4.0

0.0288

00•
(N

5.0

0.0309

3.0

0.0362

3.5

0.0309

3.0

3.0

*

4.0 *

(1) Activity of feed solution for each run was 123,500 cps.

*

EDTA was used
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TABLE VIII

Extraction of Strontium ( 1 ) and Cesium ( 1 )
in the Presence of EDTA

pH O f
Feed Solution

Per Cent Extraction
of Strontium
into Organic Phase

Per Cent Extraction
of Cesium
into Organic Phase

3.0

57.0

1.5

4.0

57.1

1.6

5.0

73.6

1.5

6.0

61.4

1.7

7.0

60.5

1.4

8.0

60.4

1.5

(1) Concentration was 3 mg/ml

45

TABLE IX

Effect of Contact Time on the Extraction of Cerium(IV)
in 1.0 Normal Nitric Acid S o l u t i o n ^ ^ ^

Equilibration
Time (Min)

*

Per Cent Extraction
into Organic Phase

5

76.0

* 10

69.4

* 35

55.4

a

2.5

85.6

a

5.0

77.5

a 10

77.5

a 15

56.0

(1) Activity of feed solution for each run was 125,000 cps.
(2) Cerium(IIl) was oxidized with ammonium persulphate,
a. 1.0M D2EHPA (XYLENE).
*

0.5M D2EHPA (XYLENE).
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TABLE X

Effect of Contact Time on the Extraction of Cerium(lV)
in 2.0 Normal Nitric Acid S o l u t i o n ^ ' ^

Equilibration
Time (Min)

Per Cent Extraction
into Organic Phase

5

64.6

10

86.6

15

95.0

15

95.5

25

93.2

25

96.5

35

97.5

60

99.2

(1) Activity of feed solution for each run was 113,000 cps.
(2) Cerium(III) was oxidized with potassium bromate.
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Figure 3.

The Effect of Contact Time on

the Extraction of Cerium(IV).
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TABLE XI

Extraction of Cerium(IV)
in the Presence of EDTA^ ^

pH Of
Feed Solution

Distribution
Ratio

Per Cent Extraction
into Organic Phase

4.0

332.3

99.7

4.5

332.3

99.7

5.0

216.3

99.5

(1) Activity of feed solution for each run was 352,000 cps
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TABLE XII

Extraction of Cerium(IV) in the Presence
of EDTA by Tri-n Butyl Phosphate^

pH of
Feed Solution

Distribution
Ratio

Per Cent Extraction
into Organic Phase

4.0

1.7

X

1 0 -5

1.67

X

io- 3

4.5

1.1

X

10~5

1.10

X

io- 3

o•
in

1.5

X

10"5

1.50

X

io- 3

(1) Activity of feed solution for each run was 352,000 cps
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TABLE XIII

Extraction of Cerium(III)
with Tri-n Butyl Phosphate

pH Of
Feed Solution

Per Cent Extracted
into Organic Phase

4.5a

2.88

4.5b

2.92

3.0C

1.70 x 10 4

4.5

1.92 x 10"5

a. 0.2M Theonyl Trifluoracetone was used.
b. Cerium(lll) was oxidized to cerium(IV) with KMnO^.
c. Ammonium nitrate was used in aqueous phase.
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TABLE XIV

Extraction of Promethium-147
from Nitrate Solutions

pH of
Feed Solution

Distribution
Ratio

Per Cent Extraction
into Organic Phase

o•

99.04

3.0

168.49

99.41

4.0

832.33

99.88

5.0

1586.30

99.94

6.0

4499.00

99.98

CN

103.16

(1) Activity of feed solution for each run was 97,120 cps.
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TABLE XV

Extraction of Promethium-147
in the Presence of EDTA^^

pH of
Feed Solution

Distribution
Ratio

Per Cent Extraction
into Organic Phase

3.0

77.74

98.7

4.0

85.20

98.8

4.5

195.07

99.5

5.0

284.71

99.7

6.0

321.58

99.7

7.0

415.66

99.8

8.0

587.23

99.8

(1) Activity of feed solution for each run was 150,620 cps.
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TABLE XVI

Extraction of Promethium-147 in the Presence
of 0.1M EDTA and Buffered Solution

pH of
Feed Solution

Distribution
Ratio

Per Cent Extraction
into Organic Phase

3.5

27.35

96.5

4.0

7.79

88.6

00•

0.56

35.8

5.2

0.20

16.9

(1) Activity of feed solution for each run was 386,000 cps.

Per Cent Extracted
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pH

Figure 4.

The Effect of EDTA at Different

pH Values of Feed Solution on the
Extraction of Promethium-147.
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IV.

DISCUSSION

The discussion is presented in three parts:
cussion of results,

(1) dis

(2) limitations, and (3) recommenda

tions .
Discussion of Results
The results of the investigation are discussed in the
same order as the data are presented.
Extraction of Strontium-90:

The extraction of stron

tium-90 is dependent upon the hydrogen ion concentration or
the pH of aqueous phase in equilibrium with the organic
phase.

The amount of strontium-90 extracted increases with

an increase of pH of the aqueous phase up to a certain pH
value.

The extraction of strontium-90 increases when the

aqueous phase is buffered with acetic acid and sodium ace
tate.

Higher extraction of strontium-90 in the presence

of a buffer can be explained by the assumption that di-2
ethyl hexyl phosphoric acid (D2EHPA) dimer in organic
phase is ionized to give an anion entity and a hydrogen
ion.

When strontium-90 is extracted by D2EHPA in the

organic phase, it forms a complex with an anionic entity
of the organic phase thus liberating a hydrogen ion into
the aqueous phase.
Sraq.

+

a< « « 2 org.-—

Sr(H(Y)2>2 org. + 2Haq.

The symbol 'HY' represents D2EHPA dimer.

The hydrogen ion

liberated is responsible for the increase in hydrogen ion

56

concentration of the aqueous phase in equilibrium with the
organic phase.

Therefore, when the aqueous phase is not

buffered with acetic acid-acetate system, the hydrogen ion
concentration is increased.

When the hydrogen ion concen

tration is increased, extraction of strontium-90 is de
creased.

The presence of acetic acid-acetate buffer

prevents the increase of the hydrogen ion concentration,
since this is the expected behavior of the buffered solu
tions.

Thus the aqueous phase must be buffered before

extracting strontium-90 by D2EHPA in the organic phase,
for higher extraction.
The extraction of strontium-90 is a maximum between
a pH 4.5 and 5.0 when the aqueous phase was buffered.
The increase in extraction is remarkable as the pH is
changed from 3.0 to 3.5.

Above a pH of 3.5 the change

in the extraction of strontium-90 is relatively small.
The extraction of strontium-90 begins to decrease after
the pH is raised to 5.0.

From this it can be concluded

that D2EHPA forms a very stable complex with strontium-90
between a pH of 4.5 and 5.0.
The extraction of strontium-90 increases with the pH
of aqueous phase in the presence of ethylene dinitrilo
tetraacetic acid (EDTA), when the feed solution was not
buffered.

This behavior is due to the change in pH value

of aqueous phase at the end of extraction.

The change in
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pH value of aqueous phase occurs because of the addition
of hydrogen ions to the aqueous phase as explained by the
reaction of strontium ion with D2EHPA dimer.

The extrac

tion of strontium-90 in the presence of EDTA increases
with pH of the aqueous phase when the feed solutions were
buffered.

The maximum extraction of strontium-90 occurs

when the pH of the aqueous phase is between 3.5 and 4.0.
The extraction of strontium-90 decreases above a pH value
of 4.5 and the change in extraction is noticeable from a
pH value of 4.5 to 6.0.

This is attributed to the complex

forming behavior of EDTA with strontium.

Strontium forms

a negatively charged complex with EDTA as followss
Sr
The complex

+2
SrEDTA

+
_9

EDTA

“4

^

SrEDTA

~2

is not capable of being extracted

by D2EHPA, since D2EHPA in the organic phase is ionized
giving a hydrogen ion and complex forming anion.

The

anion of D2EHPA in organic phase can not react with an
other anion in the aqueous phase.

As the pH of the aque

ous phase is increased, stability of a complex formed by
strontium with EDTA increases which is responsible for
the suppression of strontium-90 extraction into the or
ganic phase above the pH 4.5 of aqueous phase.
Extraction of Cesium-137»

The extraction of

cesium—137 is not dependent upon the pH of aqueous phase.
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The presence of EDTA in the aqueous phase has no effect
on the extraction of cesium-137.

Very low extraction of

cesium-137 is obtained by the use of D2EHPA in organic
phase.

This behavior can be explained by the assumption

that cesium does not form a complex with D2EHPA in organic
phase and hence is not extracted.
Extraction of Strontium and Cesiums

Strontium can

be separated from cesium by solvent extraction using D2EHPA
in the organic phase.

The extraction of strontium from an

aqueous phase containing natural strontium and natural ce
sium in concentration of 3 mg per ml of each element, is
a maximum at a pH of 5.0.

The extraction of cesium remains

fairly constant at different pH values of the aqueous
phase.

A single extraction at a pH of 5.0 of the aqueous

phase resulted in the extraction of 74 per cent of the
strontium from the feed solution into the organic phase.
The cesium content of this organic phase was approximately
2.0 per cent of the total of strontium and cesium in the
organic phase.

It can be concluded that 98 per cent pure

strontium can be obtained by a single extraction from the
mixture of strontium and cesium in the aqueous phase.
Higher purity of strontium, above 98 per cent, can be
obtained by contacting the organic phase containing 98
per cent strontium and 2.0 per cent cesium, with the
fresh aqueous phase of very low pH value.

Thus extract—
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ing strontium back into the aqueous phase, and again re
extracting strontium from aqueous phase by fresh organic
phase containing D2EHPA should give pure strontium-90.
The pH of the aqueous phase should be raised to a pH value
of 5.0, before reextracting strontium from the aqueous
phase by fresh organic phase.

By using several such

cycles strontium can be highly purified.
Extraction of Cerium(IV)-144s
((NH^)2^*2^8)

Ammonium per sulphate

not a sati-sfactory oxidizing agent to oxi

dize cerium(IIl) to cerium(IV) when cerium(lV) is to be
extracted with D2EHPA.

The extraction of cerium(iv) de

creases with an increase in mixing time for aqueous phase
and organic phase.

This means that cerium(lV) reduces back

to cerium(IIl) as organic phase is contacted for a longer
period with the aqueous phase.

For this purpose excess of

oxidizing agent must be maintained in the aqueous phase so
that cerium(IV) does not reduce back to cerium(III).

Ammo

nium per sulphate is a slow oxidizing agent at room tem
peratures, so an excess of ammonium per sulphate would not
be enough to prevent reduction of cerium(IV) to cerium(III).
The extraction of cerium(IV) increases with the in
crease in contact time for aqueous and organic phases when
cerium(lll) was oxidized with potassium bromate at higher
acid concentration of aqueous phase.

Almost all cerium

was extracted into the organic phase containing D2EHPA by
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shaking organic and aqueous phase for one hour.

From

this it can he said that the equilibrium was established
between the organic and aqueous phases after both phases
were shaken for one hour.
When tri-n butyl phosphate is used as an extractant
for cerium(iv), it should be purified before contacting
with the organic phase.

Very low extractions of cerium(iv)

are obtained, when cerium(IV) is extracted with tri-n
butyl phosphate.

The most probable reason is because of

some impurities present in tri-n butyl phosphate reagent,
cerium(IV) is reduced back to cerium(III).
The extraction of cerium(IV) is not affected by chang
ing the pH of the feed solution, in the range investigated
when D2EHPA is used in the organic phase.

Almost all

cerium(IV) was extracted into the organic phase.
forms a neutral complex with cerium(IV).

EDTA

From the results,

EDTA has no effect on the extraction of cerium(IV).
Extraction of Promethiumftl47»

The extraction of

promethium-147 was found to be independent of the pH of
feed solution when the feed solution was not buffered.
Very high extractions of promethium were obtained when
the pH value of the feed solutions were from 2.0 to 6.0.
This can be due to the change in pH of the aqueous phase
in equilibrium with the organic phase, as feed solution
was not buffered
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In the absence of a buffer in feed solution, the
presence of EDTA has no considerable effect on the extrac
tion of promethium-147.

Very high extractions are obtained

at all pH values of feed solution investigated.

By using

the previous assumption that D2EHPA is ionized in organic
phase the complex forming reaction between promethium and
an anion of D2EHPA can be written ass
Pm+++
aq.

3(HY)2 org.

+
+ 3Haq.

Pm(H(Y)2 )3 org

From the reaction, the presence of a buffer is necessary to
maintain the same pH of the aqueous phase before and after
contacting with the organic phase.
It was found that the extraction of promethium-147
decreased with an increase in the pH of the aqueous phase
in equilibrium with the organic phase.

The aqueous

phase was buffered with acetic acid-acetate system.

The

decrease in extraction is low between the pH range of 3.5
to 4.0 as compared to the pH range of 4.0 to 4.8.

This

behavior is due to complex formation of the promethium
ion with EDTA.

When the pH of the aqueous phase was 5.2,

the extraction of promethium-147 is very low.

This proves

that EDTA forms a very stable complex with promethium at
a pH of 5.2 in comparison with the lower pH values investi
gated.
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Limitations
The limitations which might have affected the results
are discussed below.
Sampling:

The samples for counting were removed with

a tenth of a milliliter pipette.

Small volume errors could

cause error in the activity counted, especially when solu
tions to be counted contained high activity.
Sample Preparation:

The samples used for counting

were dried beneath a heat lamp.

This does not guarantee

that every sample will be evenly distributed over the dish,
and variation in sample thickness can cause considerable
error.

When samples of organic phase were dried, carbona

ceous residue was left after drying and was spread all
over the inside and sometimes outside of the counting
dish.

This could give considerable error.
Radiocounting:

The random nature of radioactive

disintegrations leads to error which is inversely propor
tional to the counting time.
r

Overman and Clerk'

37

)

list the following errors as

being characteristic of radioactive measurements:
(1) Random disintegration process and, therefore,
random emission of radiation.
(2) Failure of the detector to resolve events at
higher counting rates.
(3) Variation in performance of scaler due to
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changes in temperature, applied voltage, and effi
ciency.
(4) Changes in the detectors (Geiger-Muller
tubes) due to aging.
(5) Erratic performance of electronic equipment
and the mechanical register.
Recommendations
The results of this investigation indicate that
strontium-90 can be separated from cesium, in the absence
of a buffer in the feed solution.

Further investigation

should be undertaken to separate strontium-90 from cesium
in the presence of a buffer in the feed solution.
The results also indicate that cerium can be extract
ed as cerium(IV) from aqueous phase in the presence of
EDTA.

Promethium extraction can be suppressed by the

presence of EDTA in the aqueous phase.

Further work

should be undertaken to study the extraction of cerium(IV)
in the presence of a buffer in the feed solution.

Also

the effect of the presence of bromate ions on EDTA should
be studied.

In a final run the separation of cerium from

promethium should be undertaken.
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V.

CONCLUSIONS

This investigation makes possible the following con
clusions:
Extraction of Strontium-90:

The following conclusions

regarding the extraction of strontium-90 in the presence
and absence of EDTA in the aqueous phase with D2EHPA in the
organic phase are submitted.
(1) The extraction of strontium-90 is dependent
upon the pH of the feed solution.

The amount of

strontium-90 extracted increases with the increase
in pH up to a pH value of 4.7 and decreases above a
pH of 5.0 of feed solution.
(2) The optimum pH for the extraction of stron
tium-90 is 4.7-0.1, in the absence of EDTA.
(3) The presence of EDTA has very limited effect
on the extraction of strontium-90 up to a pH of 4.0
of aqueous phase.

At higher pH values, EDTA suppresses

the extraction of strontium-90 to some extent.
(4) The optimum pH for the extraction of strontium-90 in the presence of EDTA is 3.9-0.1.
(5) The presence of a buffer is necessary to
maintain a constant pH of the aqueous phase through
out the extraction.
Extraction of Cesium-137:

The following conclusions

regarding the extraction of cesium-137 in the presence and
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absence of EDTA in the aqueous phase with D2EHPA in the
organic phase are submitted.
(1) The extraction of cesium-137 is not appre
ciable by the use of D2EHPA in the organic phase.
The maximum extraction of cesium-137 is 1.5 per cent
of the total amount present in the feed solution.
(2) Cesium-137 does not form a complex with an
anion of D2EHPA in the organic phase.
(3)

The presence of EDTA has no effect on the

extraction of cesium-137.
Extraction of Strontium and Cesium*

The following

conclusions regarding the extraction of strontium and
cesium from the mixture of both elements in presence of
EDTA in the aqueous phase with D2EHPA in the organic phase
can be made.
(1) The extraction of strontium is dependent
upon the pH of the feed solution.

The amount of

strontium extracted increases as the pH increases
up to a pH value of 5.0 and decreases above a pH
value of 5.0.
(2) The extraction of cesium is independent of
the pH of the feed solution and is suppressed by the
higher concentration of strontium and cesium in the
feed solution.
(3) The optimum pH of the feed solution, at which
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extraction of strontium is maximum, is 5.0 pH.
(4) Cesium is not appreciably extracted by D2EHPA
in the organic phase.
(5) In a single extraction, 74 per cent of the
strontium is extracted into the organic phase contain
ing 40 per cent D2EHPA by volume, from the mixture of
strontium and cesium in the feed solution.
(6) Strontium with a purity of 98 per cent is
obtained by a single extraction.

The extract phase

also contains 2.0 per cent cesium.
Extraction of Cerium(IV)«

The following conclusions

regarding the extraction of cerium(IV) in the presence and
absence of EDTA can be made.
(1) Potassium Bromate is a satisfactory oxidizing
agent for oxidizing cerium(III) to cerium(IV).
(2) The presence of EDTA has no effect on the ex
traction of cerium(IV).
(3) Cerium(IV) is extracted from the aqueous
phase by the use of D2EHPA in organic phase with a
distribution ratio of approximately 113.0.
Extraction of Promethium-147x

The following con

clusions regarding the extraction of promethium-147 in
the presence and absence of EDTA in the feed solution can
be made.
(1) The extraction of promethium-147 is not
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appreciably affected with an increase in pH of the
aqueous phase in the absence of EDTA.
(2) The presence of EDTA suppresses the extrac
tion of promethium-147 when the aqueous phase is
buffered.
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VI.

SUMMARY

The procedures for the separation of strontium-90
from cesium-137, by the use of di-2 ethyl hexyl phosphoric
acid as an extractant, has been outlined.

It has been

shown that strontium-90 can be separated with a reasonable
purity from the cesium by use of D2EHPA in the organic
phase.

A separation factor of the order of 183.0 can be

obtained.

The pH for maximum separation of strontium from

cesium-137 was found to be 5.0-0.1 pH.
Cerium(III) was satisfactorily oxidized to cerium(IV)
with the potassium bromate.

The distribution ratio of

113.0 was obtained by the extraction of cerium(IV) into
the organic phase containing D2EHPA.
The extraction of promethium-147 was suppressed by the
presence of 0.1 M EDTA in the buffered aqueous phase.

The

distribution ratio of 0.2 was obtained at a pH 5.2 of the
aqueous phase.
The presence of a buffer in the aqueous phase was
found necessary in order to maintain a constant pH of the
aqueous phases throughout the extraction period.
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